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We derive the first direct constraints on dark matter cross sections at very low velocity, v ≈ 10
km/s, by requiring that the heating/cooling due to DM interacting with gas in the Leo T dwarf
galaxy not exceed the radiative cooling rate of the gas. This gives strong direct limits on millicharged
DM with mass . 1 GeV, which close important gaps in the exclusion plots and add to constraints on
the recent EDGES 21 cm absorption anomaly. We also set new bounds on ultra-light dark photon
DM and on DM-electron interactions. Combining equilibrium heating/cooling constraints from Leo
T and robust Galactic gas clouds, we improve the constraints on DM-baryon cross-sections for
arbitrary velocity dependences.
The particle nature of Dark Matter (DM) and its ori-
gin is still a mystery. Recently, the EDGES collaboration
reported observations suggesting the temperature of gas
during the cosmic dawn of the Universe was roughly half
the expected value [1]. To explain the anomalous obser-
vation, Ref. [2] proposed that DM exchanges heat with
the Hi gas by non-standard Coulomb-like interactions of
the form σ ∝ v−4rel between DM and baryons. A physically
motivated model that can lead to Coulomb-like DM gas
interactions is the millicharged model [3]. Because the
relative velocity between DM and baryons at the cosmic
dawn is much lower than in standard astrophysical sys-
tems (vrel . 0.3 km/s), the explanation by [2] is effective
at heating the gas during the cosmic dawn and simulta-
neously evading the traditional astrophysical bounds on
DM.
With the exception of [4] which pertains exclusively
to masses near 1 GeV, existing astrophysical constraints
are obtained from systems with high vrel & 300 km/s
and then extrapolated to low vrel assuming a power law
velocity dependence. However, such an extrapolation is
invalid if the assumed power law dependence on vrel does
not hold over the entire range. In this paper, we use
the well-studied gas-rich dwarf galaxy Leo T with a low
baryon velocity dispersion vHI ∼ 7 km/s [5–7]. We re-
quire that the DM heating/cooling rate not exceed the
radiative cooling rate of the Hi gas in Leo T and there-
fore obtain the first direct constraints at low velocity on
DM-gas interactions. Our constraints are complementary
to the early universe constraints on millicharged DM [8–
14], because the Leo T constraints make no assumptions
about cosmology.
In addition to using Leo T to improve the constraints
on DM interactions in the cosmic dawn and on mil-
licharged DM more generally, we report constraints on
DM-baryon interaction cross-sections of the form σ ∝ vnrel
using gas clouds in the Milky Way (MW). The use of MW
gas clouds for constraining DM was proposed by Bhoonah
et al. [15] (B18 below). MW systems can be more sen-
sitive than Leo T to DM heat exchange in parts of the
parameter range, especially for n > −2, because the rela-
tive velocity between gas and DM is characterized by the
much higher virial velocity of DM in the MW halo, lead-
ing to a higher energy transfer rate. However B18 chose
clouds discovered by [16] which are entrained in the hot,
high-velocity nuclear outflow (HVNO) — a stream of gas
at T ∼ 106−7 K moving at ∼ 330 km/s outward from the
Galactic Center [16, 17]. Clouds in such an extreme en-
vironment cannot be assumed to be stable over the long
timescales associated with their radiative cooling rates.
The clouds are subject to a number of destructive effects
due to their environment [18–22], some of which occur at
comparatively much shorter timescales; see Supplemen-
tal Materials [23] (SM) for further details. Therefore, we
eschew use of the HVNO clouds and instead use the ro-
bustly observed gas clouds of [24] which are in tranquil
environments co-rotating with the galactic disk and not
close to the Galactic center.
A crucial feature of Leo T and certain MW gas clouds
making them suitable for constraining DM-gas interac-
tions is their low astrophysical radiative cooling rates.
This makes them more sensitive to energy transfer by a
non-standard thermal source. The radiative cooling rate
of Hi gas increases as the temperature, density, or metal-
licity of the gas increases; Leo T has low metallicity and
the MW gas clouds that we analyze are cold (T < 500
K). In Leo T, the heat exchange between DM and gas is
similar to that in a system of two fluids in thermal con-
tact. Instead, in MW gas clouds, there is a high relative
bulk velocity between the two fluids. In addition to the
standard thermal energy exchange, DM-gas interactions
produce an additional friction force to damp the relative
velocity which also heats the gas in clouds.
Thermal Equilibrium bounds
In an astrophysical system, let Q˙ = dEdtdV be the volu-
metric energy transfer rate due to collisions of DM with
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2gas particles of type i (electrons, ions or atomic nuclei):
Q˙ =
∑
i
∫
d3vif(vi)
∫
d3vχf(vχ)ninχvrelET(vrel)σ
T
iχ ,
(1)
where n is the number density, f(v) is the velocity dis-
tribution, ET(vrel) is the energy transferred in the DM
scattering, σTiχ is the cross section. Let C˙ and H˙ be the
volumetric radiative cooling rate and the astrophysical
heating rate, respectively. For a system to be in ther-
mal equilibrium, we need |Q˙| = |C˙ − H˙|. In this paper,
we set conservative bounds on the DM interaction cross
section by requiring |Q˙| ≤ |C˙|. More stringent bounds
can be placed by including the astrophysical heating rate
|Q˙| ≤ |C˙ − H˙|; see SM [23] for a discussion.
Radiative cooling— To compute C˙ for Hi gas in Leo T
and the MW clouds, we use
C˙ = n2H Λ(T ) , (2)
where nH is the hydrogen number density and Λ(T )
is the cooling function which depends on the tempera-
ture and metallicity of the gas. We obtain Λ(T ) from
the astrophysical radiative cooling library Grackle [25].
The cooling function scales with metallicity of Hi gas
as Λ(T ) ∝ 10[Fe/H] where the metallicity is defined as:
[Fe/H] ≡ log10(nFe/nH)gas − log10(nFe/nH)Sun; see SM
[23] for further details.
Properties of astrophysical systems used
Leo T galaxy— Leo T is an ultra-faint dwarf irregular
galaxy located about 420 kpc from the Milky Way. It
is the most dark-matter dominated dwarf in the Local
Group and is also gas-rich, which makes it a unique as-
trophysical system to study DM scattering effects. More-
over Leo T is well-studied observationally and has gar-
nered modelling attention. The kinematics of Leo T are
well measured using both stars and gas; the velocity dis-
persion is vHI ∼ 7 km/s (T'6000K) [5–7]. Ref. [5]
analyzed high-resolution Giant Meterwave Radio Tele-
scope (GMRT) and Westerbork Synthesis Radio Tele-
scope (WSRT) observations to determine the Hi gas dis-
tribution. Ref. [26] found the mean spectroscopic metal-
licity to be [Fe/H] ∼ −1.99± 0.05 [27], so Leo T is metal
poor (like the majority of ultra-faint dwarfs) and we need
only consider H and He with the cosmic density fraction
nHe/nH = 0.08 for calculating DM-gas interactions.
Ref. [28] modelled the DM halo of Leo T by fitting
an isothermal DM profile to the Hi distribution of [5],
taking account of the metagalactic background as neces-
sary for interpreting the Hi column density profile and
determining the distribution of free electrons; see also
[29]. We adopt the model of [28] for our analysis and
show the individual components in this model in Fig.
1. A comprehensive modeling effort including the latest
observations of [7] and utilizing the iterative-unfolding
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FIG. 1. Number density of DM (for mχ = 1 GeV), atomic
hydrogen (Hi ), electrons (e−) and total hydrogen (H) com-
ponents of Leo T given by the model of [28].
technique of [30], while also modeling the metagalactic
ionization profile and known astrophysical heating and
cooling, will result in a yet better description of Leo T
and enable more accurate determination of the limits on
DM interactions using this system.
There is no evidence of coherent rotation in Leo T,
and low-mass dwarf galaxies like Leo T as a class do not
exhibit rotation [31], so we can discount the possibility
of coherent rotation which eludes detection because Jˆ is
along our line of sight. The baryons and DM of Leo T
move in the same gravitational potential and since there
is no other significant source of support for the gas, the
velocity dispersion of the gas and DM must be equal (vχ
= vHI). As a result, DM heats or cools the gas depending
on the DM-proton mass difference because Tχ − THI =
(mχ−mp)v2HI/2; THe = TH due to the large atomic cross-
section.
The outer part of Leo T (r > 0.35 kpc) is ionized. It
is difficult to find a robust measure of the rate at which
the outer ionized region cools. Therefore, we restrict our
study to the inner region 0 < r < 0.35 kpc (designated
Region-1 below), which is largely un-ionized and shielded
from the metagalactic UV background; see also [32]. For
calculating the thermal equilibrium bound in Leo T, we
integrate the volumetric radiative cooling rate and the
DM energy transfer rate over Region-1 and then require
| ∫
Region-1
Q˙dV | ≤ | ∫
Region-1
C˙dV |. The average value of
C˙ for gas in Leo T in Region-1 is ∼ 2.1×10−30 erg cm−3
s−1.
Milky Way gas clouds—We use cores of high Galactic
latitude clouds which were observed with both the Very
Large Array (VLA) and the Green Banks Telescope
(GBT) [24]. These clouds are co-rotating with the MW
disk and their mean velocity relative to DM is 220 km/s
[33–35]. These clouds are at a distance 0.4− 1 kpc from
the disk and are considered to be representative of typical
clouds and to have near-solar metallicities [36–40].
Among the co-rotating clouds in [24], we find that the
core of the G33.4−8.0 cloud gives the strongest constraint
3on DM interactions and the best gas cloud bounds re-
ported in this paper are derived from it; other clouds
give similar bounds, as shown in the SM [23]. G33.4−8.0
has the following parameters: nHI = 0.4±0.1 cm−3, T =
400± 90 K, R = 4.68± 0.41 kpc and z = −1± 0.28 kpc
where R, z are cylindrical coordinates with origin at the
Galactic center [24]. The value of C˙ for gas in G33.4−8.0
is ∼ 2.1× 10−27 erg cm−3 s−1. To find its local DM den-
sity we adopt the NFW profile ρχ = ρ0/[(r/r0)(1+r/r0)
2]
with ρ0 = 0.32 GeV/cm
3, scale radius r0 = 16 kpc and
virial radius 180 kpc for the Milky Way DM halo from
[41]. Using the best-fit Burkert profile from [42] gives
a similar but slightly higher value, so the NFW choice
is conservative. We adopt an isotropic DM velocity dis-
persion profile from [43]. The DM density and velocity
dispersion at the location of G33.4−8.0 thus derived are
0.64 GeV/cm3 and 124.4 km/s respectively.
DM heat exchange
In Leo T, the heat exchange by DM-gas interactions
is similar to a system of two fluids with different tem-
peratures in thermal contact without any relative bulk
velocity between them. For DM mass above (below)
the proton mass, the DM heats (cools) the Hi gas be-
cause the temperature difference between DM and Hi is
Tχ − THI = (mχ −mp)v2HI/2.
In the case of MW clouds, the situation is different
from Leo T because in addition to the velocity dispersion
there is a high relative bulk velocity (220 km/s) between
the gas and DM which leads to frictional heating of the
two fluids. The energy transferred to a particle i in the
cloud by a DM collision is ET = µ
2
iχv
2
rel(1 − θCM)/mi,
where uiχ is the DM-particle reduced mass and θCM is
the scattering angle in the center of mass frame. See the
SM [23] for the formalism of heat exchange in Leo T and
gas clouds.
Millicharge model— In the millicharged DM model [3]
the DM particle effectively carries a small electric charge
Q = e, where e is the charge on an electron. Such a
model naturally leads to Coulomb-like DM-gas interac-
tions σ ∝ v−4rel . There are two possibilities for the origin
of such DM-gas interactions: a light U(1) gauge boson
(hidden photon) kinematically mixed with the Standard
Model photon, or DM particle carrying a tiny charge.
Our constraints are applicable for both scenarios.
There are two ways in which charged DM particles can
interact with the Leo T galaxy and the MW clouds. The
first is that the DM particles interact with free electrons
and ions. As shown in Fig. 1 for Leo T, a fraction of
Hydrogen is ionized even in Region-1 because of pene-
trating metagalactic background. The MW cloud cores
we use are at comparatively lower temperatures, so we
conservatively consider that only carbon, silicon and iron
in the clouds are ionized by the metagalactic background
[44, 45]. The second scenario arises when the de Broglie
wavelength of DM becomes smaller than the screening
length of the atom. Charged DM can then interact with
the nucleus A of neutral atoms in the astrophysical sys-
tems for nuclear recoil energy Enr & 1/(2mAa20) because
the nucleus is screened over a distance ∼ a0 (Bohr ra-
dius). For DM in Leo T interacting with the Hydrogen
nucleus, this happens for mχ & 0.07 GeV. The number
density of neutral atoms in Leo T is enough greater than
that of electrons or ions, that the dominant contribution
to heat exchange by DM for mχ & 0.07 GeV comes from
neutral H and He atoms.
Results
The most basic Leo T constraint on DM-gas inter-
actions comes from the very existence of its DM halo.
If mχ < mp and the DM-gas interactions are frequent
enough, DM would evaporate rather than remaining
gravitationally bound. On the other hand, if mχ > mp
and the interactions are strong enough, the DM profile
would be visibly more concentrated than observed due to
being cooled by its interactions with gas. Proper evalu-
ation of these constraints requires simultaneously mod-
eling the DM and gas distributions which we leave for
the future. In lieu of that, we indicate with the dashed
gray line of Fig. 2, the value of  such that the charac-
teristic DM energy loss/gain time is more than the Leo
T lifetime, (dlnE/dt)−1 ≈ 10 Gyr.
Our stronger constraints from the observed tempera-
ture of the Hi gas in Leo T are shown by the black solid
line in Fig. 2. This limit lies below the grey line, so gas
cooling/heating rather than DM evaporation/collapse is
the dominant effect. The Leo T temperature constraints
are weakest for DM mass close to 1 GeV, where DM and
gas are at similar temperatures and there is no heat ex-
change. This is precisely the DM mass regime for which
Earth can have a significant DM atmosphere and the re-
sults of [4] apply. Translating the constraints of [4] into
the  − mχ parameter space is non-trivial, but is un-
derway [46]. Fig. 2 also shows constraints taken from
[47, 48] provided by the SLAC millicharge experiment
[49], SENSEI [48], XENON10 [50, 51], XQC Rocket [52]
and CRESST Surface Run (CSR) [53]. The dashed cyan
line labeled as CMB is our translation of the DM-proton
interaction cross section limits of [10]. The XQC and
CSR exclusion regions [47] assume a nuclear recoil ther-
malization efficiency of 2% and are merely suggestive of
the bounds that may be possible, because the efficiency
must be calibrated experimentally [47].
The largest uncertainty in our Leo T bounds comes
from the uncertainty in the DM and gas densities and the
Hi ionization fraction profile, as discussed above. An es-
timate of the maximum weakening that could occur can
be obtained using the DM and Hi distributions of [30]
along with the ionization model of [28]; this changes the
limit on  by less than a factor-2. A more detailed treat-
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FIG. 2. Upper bound on the charge of DM from the Leo
T galaxy (black); these constraints can be extrapolated to
the left and right using max ∼ 10−4.9(m/GeV) and max ∼
10−5.3
√
(m/GeV). The dashed grey line indicates the approx-
imate value above which the DM halo itself could be modified
due to evaporation or collapse. The blue line shows the upper
bound from the best MW co-rotating gas cloud, G33.4−8.0,
while the (invalid) constraint reported by B18 is shown by the
purple dotted line; see SM [23] for details. We show in red the
parameter range which explains the EDGES 21cm anomaly
taken from [54] (see also [11, 55, 56]). Note that the Leo T
bounds cannot be trivially extrapolated for the case when a
fraction of DM is charged; see text for details and for the
other constraints shown.
ment that balances the identifiable astrophysical heat-
ing and cooling could enable stronger limits to be set
as discussed above. This requires modeling the observed
Hi luminosity and temperature profiles self-consistently
with the DM distribution including the effects of astro-
physical heating and cooling along with possible heat-
ing or cooling due to DM-gas interactions. Such self-
consistent modeling will map out more precisely the con-
straints imposed by the existence of the observed gravita-
tional potential, possibly identifying parameters of a sub-
component of light DM whose interactions with gas cause
it to evaporate and thereby evade current constraints.
It could be that DM interacts with ordinary matter but
not through a photon. Therefore in Fig. 3 we show upper
limits on the DM-nucleon momentum-transfer cross sec-
tion, for a variety of cross section dependences on relative
velocity σNχ(vrel) = σv0(vrel/v0)
n. The limits from Leo T
are shown at v0 = 10 km/s, and those from G33.4−8.0 are
shown at v0 = 200 km/s. n = −4 arises for a massless me-
diator as in Rutherford scattering, n = ±2 for DM hav-
ing an electric and/or magnetic dipole moment [63]; while
yukawa interaction produces more complex v-dependence
not generally described by a simple power law [46]. For
n = −4, Leo T gives the strongest limits on DM-baryon
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FIG. 3. Upper bounds on the DM-nucleon scattering cross-
section from the gas temperature of the cloud G33.4−8.0
(solid) and Leo T (dashed), for velocity dependence σnχ(v) =
σv0(v/v0)
n for n = 0,±2,−4. Note that the cross section lim-
its are shown at different velocities, namely the typical values
constrained by the systems (v0 = 10 km/s for Leo T and
v0 = 200 km/s for the MW cloud).
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FIG. 4. Upper bounds on DM-free electron velocity inde-
pendent scattering from Leo T (black), FIRAS (brown) [57]
and indirect, model-dependent bounds from Cosmic Rays [58]
(cyan). The exclusion region from SENSEI [48] is also shown.
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FIG. 5. Bounds on ultra-light dark photons with mass mχ
and kinetic mixing parameter g from Leo T (black), heating
of Milky Way’s interstellar medium (ISM) (brown) [59] and
CMB (green) [60, 61]. The (invalid) constraint reported by
[62] based on HVNO clouds is shown by the purple dotted
line.
5cross section for mχ . 100 MeV: σv0=c < 1.5 × 10−41
cm2. Leo T also gives new, direct constraints on velocity
independent DM-electron interactions and on ultra-light
dark photons as shown in Figs. 4 and 5 respectively; for
details see SM [23].
Summary
We have used the Leo T dwarf galaxy to exclude DM
interactions over a large DM mass range, by requiring
that DM-gas interactions transfer energy at a lower rate
than the radiative cooling rate. These constraints are
a valuable complement to CMB constraints and direct
detection experiments since they i) directly probe much
lower vrel than previously tested, ii) are less sensitive to
complex, novel and potentially inadequately understood
semi-conductor physics (SENSEI), iii) avoid the problem
for CSR and XQC that the efficiency of thermalization
in the detectors has not yet been measured and may be
very small [47] and iv) are independent of the uncertain-
ties in the velocity distribution and number density of
DM at Earth [64]. Leo T also sets new bounds on ultra-
light dark photon mixing and on DM-electron interac-
tions. We also present limits from robust Milky Way gas
clouds, complementing Leo T with greater sensitivity to
higher relative velocities.
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Supplemental Material for ‘First direct astrophysical constraints on dark matter
interactions with ordinary matter at very low velocities’
I. Milky Way gas clouds
In the main text we reported the best robust con-
straints on DM-gas interactions using Milky Way (MW)
gas cloud cooling rates, based on G33.4−8.0. In this sec-
tion we discuss other clouds in addition to G33.4−8.0
which we have considered. The parameters for the most
relevant clouds are reported in Table S1. For the param-
eters reported with error bars, we use the central values
for calculating our results.
Among the clouds in [24] which co-rotate with the MW
disk and are therefore potentially long-lived, the cores of
G26.9−6.3 and G16.0+3.0 give the next best constraints
after G33.4−8.0. For all three cloud cores, the radiative
cooling time (τcool . 0.7 Myr) is much smaller than the
free-fall or dynamical time-scale (τdynamic ∼ 20−50 Myr)
[24]. Therefore the cores can be taken to be in thermal
equilibrium. The constraints on DM obtained from these
clouds are shown in Fig. S2.
HVNO clouds— Compared to the co-rotating clouds,
one could potentially obtain stronger constraints on DM
using clouds which are near the Galactic center where
the DM density is higher. A number of clouds entrained
in the high velocity nuclear outflow (HVNO) originating
in the Galactic center were discovered in Hi data from
the Australia Telescope Compact Array (ATCA) and the
Green Bank Telescope (GBT) [16, 17]. Ref. [15] (B18)
used the cloud G1.4−1.8+87 reported in [16] to constrain
millicharge DM, but with incorrect parameters for the
cloud. Correct parameters are listed in Table S1. The
temperature of G1.4−1.8+87 quoted in Table S1 is deter-
mined by fitting the public online Hi brightness temper-
ature spectrum data from [67], shown in the top panel
of Fig. S1. For comparison, the spectrum of the co-
rotating cloud G33.4−8.0 used in our analysis, is shown
in the bottom panel of Fig. S1.
Correcting the parameters of G1.4−1.8+87, one finds
that among the HVNO clouds, G357.6−4.7−55 and
G355.3−3.3−118 would yield the strongest constraints.
If the use of HVNO clouds for constraining DM were
valid, the corresponding limits would be those shown by
the thin solid cyan and grey lines in Fig. S2. We also
show for comparison, the limits reported by B18 based on
incorrect parameters for G1.4−1.8+87. The correct lim-
its on the DM cross-section derived from that cloud are
a factor ∼ 106 weaker than reported by B18; for further
details see [68].
TABLE S1. Parameters for all the analyzed clouds
Cloud Name n (cm−3) T (K) R (kpc) |z| (kpc)
G33.4−8.0 0.4±0.1 400±90 4.68±0.41 1±0.28
G16.0+3.0 1.7±0.2 480±20 2.34±0.2 0.43±0.05
G26.9−6.3 2.5±0.5 200±13 3.85±0.36 0.84±0.19
G357.6-4.7-55a 0.43 136.4 0.36 0.70
G355.3-3.3-118a 0.24 366.8 0.72 0.48
G1.4-1.8-87a 0.3 15441b 0.24 0.27
a Clouds in the Galactic high velocity nuclear outflow.
b B18 uses the incorrect value 22 K for the temperature of
G1.4−1.8+87, while the correct value is 15441 K.
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FIG. S1. Top: The Hi brightness temperature spectrum in
the direction of G1.4-1.8+87. An arrow marks the extremely
narrow line quoted in the McG13 table, while the smooth
curve shows a Gaussian fit to the emission feature. Bottom:
The corresponding spectrum for G33.4-8.0 [24]. Figures and
fit courtesy F. J. Lockman.
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FIG. S2. Limits on  (left panel) and the DM-nucleon velocity independent cross-section σnχ (right panel). The bound from
Leo T is shown in black and the bounds from the three best co-rotating MW gas clouds are shown as solid blue, orange, and
green lines. The bounds from the two best Galactic high velocity nuclear outflow clouds are shown as thin cyan and gray lines,
where the solid lines are the bounds when the best fit Burkert profile from [42] is used for the DM halo and the dashed lines
when the NFW profile from [41] is used. For the co-rotating clouds, the change in bounds when the Burkert profile is used
instead of NFW is insignificant. The dotted line is the bound claimed by B18. Solar metallicity is assumed for all the clouds.
The limits shown in Fig. S2 are obtained assuming
a uniform density profile for the clouds of [16, 17] and
taking the clouds to be moving radially outward from the
Galactic center with a speed of ∼ 330 km/s, as inferred
from simulations of the ensemble of clouds performed by
[17]. Following [17], we deduce the 3D position of the
cloud using the cloud’s latitude and longitude, its radial
velocity following the HVNO flow [17], and the individual
cloud’s line-of-sight velocity toward the local standard of
rest, vLSR. We give the cylindrical radial distance R from
the Galatic center and height z from the disk in Table
S1.
So close to the Galactic center, the DM density is quite
uncertain. An isothermal core is more plausible than
the NFW cusp. We adopt a recent parameterization of
the Burkert profile ρχ = ρB/[(1 + r/rB)(1 + r
2/r2B)] by
[42] with the core radius rB ∼ 9.26 kpc and the central
density ρB ∼ 1.57 GeV/cm3. Assuming an NFW profile
would give stronger constraints shown by the dashed grey
and cyan lines in Fig. S2, but would be neither well-
motivated nor conservative.
However, there is strong reason to be skeptical about
the general strategy of deriving thermal equilibrium
bounds on DM from the HVNO clouds because such anal-
ysis requires the clouds to be stable at their current tem-
perature over the long timescales associated with their
radiative cooling rate. Being entrained in a high veloc-
ity, presumably turbulent wind, such clouds are subject
to shocks due to Kelvin-Helmholtz instabilities, surface
ablation and evaporation, hydrodynamic drag force and
ram pressure due to the hot wind [18–22].
The radiative cooling timescale of G357.6−4.7−55 and
G355.3−3.3−118 is ∼ 1 Myr. For a cloud of density nc
and radius rc entrained in a wind with a density ρw, ve-
locity Vw and temperature Tw, the cloud crushing time
[18] is tcr = ρcrc/ρwVw ∼ 1 Myr for the two best HVNO
clouds we consider, based on the hydrodynamical models
of the wind in [16] (nw ∼ 10−2 cm−3 and Tw ∼ 106−7K).
Furthermore, for clouds entrained in a high-velocity hot
wind, shocks occur on their surface at the temperature
Tcl,sh = 3/16Tw (nw/nc) [18]. The cooling time of such
shocked regions on the cloud surface is on the order of
a few hundred years [16, 18]. The shock cooling time is
short compared to the cloud-shock crossing time, poten-
tially causing the radiative shock driven into the cloud to
form a high-density shell which might prevent further dis-
ruption [18]. Thus the long-term stability of the HVNO
clouds is subject to great uncertainty.
Note that the simple Cloudy [69] simulation of the
HVNO clouds in [62], which ignores the effects of the hot,
high-velocity wind in the environment on the clouds and
assumes a nearly-uniform density profile for the clouds,
therefore cannot be expected to accurately model the
cloud properties.
II. Astrophysical heating and cooling processes
Radiative cooling— For calculating the radiative cool-
ing rate of Hi gas, we use the chemistry and radia-
tive cooling library for astrophysical simulations called
Grackle [25]. It allows us to include metal cooling and
other collisional cooling effects and to take into account
the ionization due to the metagalactic background [66]
and the self-shielding from the UV background [70]. The
cooling function Λ(T ) for a gas with solar metallicity is
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FIG. S3. The radiative cooling function from [25] for Hi gas
with solar metallicity (solid blue line). A convenient ap-
proximation for the cooling function Λ(T ) = 10−27.6 T 0.6 for
T ∼ (300− 8000) K is shown as the dashed line.
shown in Fig. S3. For solar metallicity gas within the pa-
rameter domain T ∼ (300−8000) K and nH ∼ (0.1−103)
cm−3, the dominant contribution to radiative cooling
comes from the fine structure transitions of oxygen, car-
bon, silicon and iron [44]. An approximation which we
found applicable over most of the range of the cooling
curve is also shown; it is convenient for quickly assessing
a cloud’s likely utility for constraining DM interactions
(roughly speaking the product nHI×10[Fe/H]×T 0.6 should
be minimized for best constraints). Note that we use the
exact, solid curve from [25] in our analysis for obtaining
limits on DM interactions.
Astrophysical heating— UV radiation from the meta-
galactic background [66] and radiation from stars causes
photo-ionization heating in Leo T and MW gas clouds
[71]. A substantial contribution to the heating of the
MW clouds comes from photo-ejection of electrons due
to UV radiation impinging on dust [72]. The dust con-
tent of the MW clouds is quite uncertain but can easily
span the range required to balance the calculated cooling
rate. If we include astrophysical heating in our calcula-
tion of thermal equilibrium DM bounds, we should get
stronger bounds on DM interactions.
III. Momentum-transfer cross-sections employed
We consider the following scenarios in which a DM par-
ticle interacts with the astrophysical systems; a formula
for the transfer cross-section for each of them is given
below.
Charged DM interacting with plasma— For a DM par-
ticle interacting with a charged particle i present in the
plasma, the differential Rutherford scattering cross sec-
tion is
dσiχ
dΩCM
=
Z2i α
2
em
2
4µ2i v
4
rel sin
4(θCM/2)
, (S1)
where µi is the DM-particle reduced mass, Zi is the par-
ticle charge, ni is the number density and θCM is the
scattering angle in the center of mass frame. The ions in
a thermal plasma are screened at distances greater than
the Debye length
λD =
√
T
4αempi(
∑
i Z
2
i ni)
. (S2)
The momentum-transfer cross-section (defined in the first
equality) is
σTiχ(v) ≡
∫
ΩminCM
dΩCM
dσiχ
dΩCM
(1− cos θCM)
=
4piZ2i α
2
em
2
µ2i v
4
rel
ln
(
2µivrel
1/λD
)
,
(S3)
where the angular integral is cut-off when the scattering
angle becomes the Debye angle θminCM = 1/(λD µivrel) for
a non-relativistic plasma [8, 14, 73, 74].
Charged DM interacting with neutral atoms— Follow-
ing [75], we use the screened Coulomb potential (V =
q1q2e
−r/a/r, where q1,2 are the charges on DM and the
nucleus) for incorporating the effect of screening. The nu-
cleus A is screened at distances greater than the Thomas-
Fermi radius a = 0.8853 a0/Z
1/3
A , where a0 is the Bohr
radius and the differential DM-nucleus cross section is
dσAχ
dEnr
=
8piα2em
2Z2AmAa
4
v2(2a2mAEnr + 1)2
, (S4)
where Enr is the nuclear recoil energy. Therefore,
σTAχ(v) ≡
∫ Emaxnr
0
dEnr
dσA
dEnr
(1− cos θCM)
=
2piα2em
2Z2A
µ2Av
4
rel
[
ln
(
1 + 4µ2Av
2
rela
2
)− 1
1 + (4µ2Av
2
rela
2)−1
]
,
(S5)
where Emaxnr = (2µAv)
2/2mA is the maximum possible
recoil energy. A more refined way of treating the elec-
tron screening would be to use the form factor of the
electron cloud surrounding the nucleus but we adopt Eq.
(S5) in this paper. Although the cross-section in Eq.
(S3) for charged DM interacting with ions/electrons is
higher than that of neutral atoms, the number density
of neutral atoms in Leo T is much greater than that of
electrons or ions in Region-I so neutral atom interactions
with DM must be included alongside interactions with
ions/electrons in Leo T.
DM-baryon interactions— For general interactions of
DM with nucleus A, we consider the momentum-transfer
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cross-section has a power law dependence of the form
σTiχ(vrel) = σ0v
n
rel where vrel is the velocity of DM rela-
tive to baryons in units of c. For n = −4, we assume
the interaction is Coulomb-like so the DM-nucleon cross-
section scales similar to Eq. (S1), so
σAχ '
(
ZA
ZH
µH
µA
)2
σχH , (S6)
where Z is the atomic number. However, for n ∈
{−2, 0, 2}, we assume a heavy mediator for DM-nucleon
interaction and the cross-section in Born approximation
is given by
σAχ = σNχ
(
µA
µp
)2
A2F 2A(Enr) . (S7)
We adopt the nuclear form factor proposed by [76]
FA(Enr) = 3
(
sin(qrA)− qrA cos(qrA)
(qrA)3
)
e−s
2q2/2 , (S8)
where q =
√
2mAEnr is the momentum transfer and rA is
the effective nuclear radius given by r2A = c
2+ 73pi
2a2−5s2
with parameters c ' (1.23A1/3 − 0.6) fm, a ' 0.52 fm
and s = 0.9 fm. We have neglected the nuclear form
factor in Coulomb-like scattering due to smallness of the
momentum transfer.
IV. DM heat exchange rate
We compute the DM heat exchange rate for
momentum-transfer cross sections approximately having
the form σTiχ(vrel) = σ0v
n
rel. This is consistent with the
charged DM scenario (Eqs. (S3) and (S5)) because we
can ignore the vrel dependence in the argument of the
logarithm to a good approximation. We therefore re-
place vrel in the argument of logarithms in Eqs. (S3) and
(S5) by an average value when computing the heat ex-
change rate. The mechanism for DM heating of plasma
for ultra-light dark photon dark matter is different and
will be considered in section V separately.
Leo T— In Leo T, both DM and a component i of the
gas have Maxwell-Boltzmann velocity distributions cor-
responding to their temperatures Tχ and Ti respectively.
Energy is exchanged between them if Ti 6= Tχ. For the
case when there is no relative bulk velocity between gas
and DM (as is the case for Leo T), the rate of energy
transfer to a component i of the gas per unit time per
unit volume is [77]
Q˙i =
2
n+5
2 Γ(3 + n2 )√
pi(mi +mχ)2
ρiρχσ0 (Tχ − Ti)un+1th , (S9)
where u2th = Tχ/mχ + Ti/mi is the thermal sound speed
of the DM-target fluid.
MW gas clouds— Treatment of heat exchange in gas
clouds is different than for Leo T because, in addition
to gas and DM being at different temperatures, they
also have a non-zero relative bulk velocity between them.
This bulk motion causes heating of gas and DM even if
Tg = Tχ. The energy transferred to a particle i in the
cloud by a DM collision is ET = µ
2
iχv
2
rel(1 − θCM)/mi,
where θCM is again the scattering angle in the center of
mass frame.
For the millicharged case, using the cross-sections from
Eqs. (S3) & (S5), the rate of energy transfer to an OM
particle of type i as a result of a DM interactions be-
comes Q˙i ∝ Z2i /mi. Therefore free electrons make the
dominant contribution towards the energy exchange with
millicharged DM in the MW gas clouds. The gas heat-
ing scales linearly with the free electron density and thus
linearly with the cloud metal fraction. Because the ra-
diative cooling rate also scales linearly with the metal
fraction, the bounds on millicharged DM are not affected
by the cloud metallicity. Additional ionization in the gas
clouds due to cosmic ray scattering, dust and UV radia-
tion from stars should also increase the heating and cool-
ing rate together and therefore their inclusion should not
have a significant effect on the millicharge DM bounds
from clouds.
The gas clouds that we have considered have low tem-
peratures Tg . 500 K, which means that the velocity
dispersion of atoms or ions in the clouds is v . 2 km/s
which is much less than the relative bulk velocity Vχi be-
tween DM and the cloud (Vχi is 220 and 330 km/s for the
co-rotating and the HVNO clouds respectively). Thus we
can neglect the velocity dispersion to make the following
simplification when computing the heat exchange when
DM scatters with nuclei or ions in the clouds:
Q˙A =
∫
d3vAf(vA)
∫
d3vχf(vχ)npnχ
µ2A
mA
σ0v
n+3
rel
'
∫
d3vχf(vχ)npnχ
µ2A
mA
σ0v
n+3
rel .
(S10)
For DM nucleon scattering in the case n = −4, met-
als in MW clouds have negligible contribution to DM
heating whereas for n ∈ {−2, 0, 2}, metals in the MW
clouds contribute dominantly to the DM heating for
mχ & 10 GeV. The bounds on DM nucleon cross-sections
for n ∈ {−2, 0, 2} & mχ & 10 GeV are independent of
the cloud metallicity because both the radiative cooling
rate and DM heating scale linearly with the metal frac-
tion. While for the remaining cases (n = −4 or mχ . 10
GeV) the bounds would change by a factor 10[Fe/H] for
metallicity different from solar (not expected). The solar
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mass fractions for various elements are taken from [78]
rA = [rH , rHe, rO, rC , rNe, rFe, rSi] (S11)
= [0.739, 0.2469, 0.0063, 0.0022, 0.0017, 0.0012, 0.0007].
For the case when DM scatters with electrons via
Coulomb scattering (n = −4), the velocity dispersion
of free electrons v . 90 km/s cannot be neglected as
compared to the relative bulk velocity. In such a case
we need to generalize Eq. (S9) to include the drag force
between gas and DM alongside their thermal velocity dis-
tributions. Such a generalized form of Eq. (S9) for the
n = −4 case is [79]:
Q˙i =
ρiρχσ0
(mχ +mi)2uth
[√
2
pi
(
Tχ − Ti
u2th
−mχ
)
exp
(
−1
2
V 2χi
u2th
)
+mχ
uth
Vχi
Erf
(
Vχi√
2uth
)]
,
(S12)
where u2th = Tχ/mχ + Ti/mi is the same thermal sound
speed of the DM-target fluid as defined earlier.
V. Ultra-light dark photon DM
Here we consider the case that DM is made up only of
vector bosons known as dark photons and no additional
light particles carrying a charge are present. Following
the formalism and conventions of [59], we calculate the
heating in Leo T galaxy due to dark photons in the ultra-
light regime mχ . 10−11 eV. We only show the relevant
steps of the calculation in this section and encourage the
reader to refer to [59] for further details. We consider that
the dark photon is kinematically mixed with the standard
model photon and the coupling strength is determined by
a dimensionless parameter g. The resulting Lagrangian
is
L =− 1
4
FµνF
µν − 1
4
F˜µν F˜
µν +
m2χ
2
A˜µA˜
µ
− e
(1 + g2)1/2
Jµ
(
Aµ + gA˜µ
)
,
(S13)
where Aµ (A˜µ) and Fµν (F˜µν) stand for the visible (dark)
photon gauge fields and field strengths respectively. As
discussed in the main text, some part of Leo T is ionized
due to the penetrating metagalactic X-ray background
[66] and acts as a non-relativistic plasma, with the plasma
frequency being
wp =
√
4pineα
me
, (S14)
where ne is the number density of electrons. Very light
dark photons produce an oscillating electric field which
induces an electric current in the ionized plasma in Leo
T. The induced current is dissipated because the free
electrons which are accelerated by the oscillating electric
field collide with ions. The frequency ν of electron-ion
collisions is given by
ν =
4
√
2piα2ne
3m
1/2
e T
3/2
e
ln ΛC , (S15)
where Te is the electron temperature and the Coulomb
logarithm is ln ΛC = 0.5 log[4piT
3
e /(α
3ne)]. Due to the
electron-ion collisions in the plasma, the dark photon po-
tential energy is transformed into the kinetic energy of
charged particles in Leo T and the resulting heating rate
of the gas in Leo T per unit volume is given by
Q˙ = 2|γh|ρχ , (S16)
where ρχ is the dark photon gravitational energy density
in GeV/cm−3 and γh is the imaginary part of the fre-
quency of the dark photon modes (w = wh + iγh) and is
given by
γh =
 −ν
m2χ
2ω2p
g2
1+g2 for mχ  ωp
−ν ω
2
p
2m2χ
g2
1+g2 for mχ  ωp .
(S17)
